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Mitotic chromosomes are essential structures for the faithful transmission of
duplicated genomic DNA into two daughter cells during cell division. Although
more than 100 years have passed since chromosomes were first observed, it remains
unclear how a long string of genomic DNA is packaged into compact mitotic
chromosomes. Although the classical view is that human chromosomes consist of
radial 30nm chromatin loops that are somehow tethered centrally by scaffold
proteins, called condensins, cryo-electron microscopy observation of frozen hydrated
native chromosomes reveals a homogeneous, grainy texture and neither higher-order
nor periodic structures including 30nm chromatin fibres were observed. As a
compromise to fill this huge gap, we propose a model in which the radial chromatin
loop structures in the classic view are folded irregularly toward the chromosome
centre with the increase in intracellular cations during mitosis. Consequently,
compact native chromosomes are made up primarily of irregular chromatin
networks cross-linked by self-assembled condensins forming the chromosome
scaffold.
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INTRODUCTION
The human body is made up of 60 trillion cells that
originate from a single fertilized egg. This suggests that
the cells in the body go through roughly 46 rounds of cell
division or mitosis. During mitosis, chromosomes, bun-
dles of DNA, form condensed structures to ensure the
faithful transmission of the duplicated genomic DNA.
The term ‘chromosomes’ was derived from the Greek for
‘coloured body’, reflecting the fact that condensed
chromosomes were clearly visible with dyes under
primitive light microscopes. Chromosomes have fasci-
nated biologists for over 100 years, since long before
DNA was known to carry genetic information. This
review article focuses on the structure of mitotic
chromosomes.
How is the 2m of genomic DNA that is present in each
human cell packaged into compact mitotic chromosomes
that are 10,000 times shorter? As shown in Fig. 1A, a
long DNA molecule with a diameter of 2 nm is wrapped
around the core histone octamer, which consists of the
histone H2A, H2B, H3 and H4 proteins, and forms a
‘nucleosome’, which is the most basic package of DNA (1).
The structure of a nucleosome core particle has been
resolved at the atomic level (2). The nucleosome appears
to be folded into 30nm chromatin fibres. Several models
of this folding have been suggested (3), including the
ordered helical solenoid (4), twisted helices, and zigzag
ribbon (5, 6). Note that as we describe later, the existence
of such continuous 30nm chromatin fibres in native
chromosomes is still controversial. Furthermore, how the
nucleosome or 30nm fibre is compacted into a mitotic
chromosome with a diameter of about 0.7mm remains
even less clear and is a basic challenge in cell biology
(Fig. 1A).
CLASSICAL VIEWS
Chromosomes consist of roughly equal amounts of DNA,
histones and non-histone proteins. In the 1970s, people
believed that mitotic chromosome condensation is
achieved by histone modification, especially the phos-
phorylation of histone H1 that happens specifically at the
G2-M transition (7). Histone H1 is a linker histone that
can stabilize 30nm chromatin fibres structurally by
linking nucleosomes (8). The prevailing model at that
time suggested that the mitotic phosphorylation of
histone H1 created a mitotic chromatin fibre that
somehow self-assembled into higher-order structures.
In the late 1970s, Laemmli and colleagues proposed a
novel hypothesis that chromosome structure arises from
a set of non-histone proteins that fold the chromatin
fibres into loops. To prove this, they isolated histone-
depleted chromosomes (Fig. 1B) (9) by selectively remov-
ing the histones from isolated mitotic chromosomes
gently by competition with an excess of the polyanions
dextran sulfate and heparin. This approach was effec-
tively able to separate the structural contributions of the
histones from those of certain non-histone proteins. After
removing the histones, they found that the DNA remains
highly organized by a residue of non-histone proteins
whose structure retains the size and shape of the original
chromosomes (Fig. 1B) (9). Therefore, Laemmli called the
central axial structure made from these non-histone
proteins the ‘chromosome scaffold’ (Fig. 1B). The scaffold
consists of a subset of non-histone proteins that includes
two major high-molecular-weight proteins, Sc1 (170kDa)
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and Sc2 (135kDa), and a number of minor proteins (10).
Sc1 was later identified as topoisomerase II (11, 12).
Topoisomerase II is an evolutionary conserved protein,
and can untangle DNA and relax the interwound super-
coils in a DNA molecule by passing one DNA molecule
through a transient double-stranded break in another
[for a review, see (13)]. The requirement of topoisomerase
II for chromosome condensation was clearly demon-
strated by using elegant fission yeast genetics (14) and
a useful in vitro system in which chromosomes are
assembled by adding nuclei to extracts prepared from
Xenopus laevis eggs (15, 16).
Strong evidence for chromatin loops was subsequently
obtained from several electron microscopy studies
(17–19). As we describe later, isolated chromosomes
become swollen in a low-salt buffer, which helps in
dissecting the chromosome architecture. Studies of such
swollen chromosomes suggested that the chromatin fibre
generally folds in a radial fashion (away from the centre)
rather than with a longitudinal orientation (Fig. 2A).
Cross-sectional images of the swollen chromosomes
appear star-like; the fibres converge on the central
axis, suggesting tethering of the chromatin fibre to the
axial element, forming loops (Figs 2A and B) (17–19).
This loop structure of mitotic chromosomes may be
analogous to that of the lampbrush chromosomes in
amphibian oocytes (20) or the meiotic prophase chromo-
somes in various organisms (21), which are organized
into an enormous number of large chromatin loops
emanating from a linear chromosome axis. Evidence
clearly implies that chromatin loops are a fundamental
organizing unit of chromosomes.
In 1978, another classical model, the so-called
‘hierarchical helical folding model’, was proposed from
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Fig. 1. (A) A long DNA molecule with a diameter of 2nm
is wrapped around a core histone octamer that consists
of H2A, H2B, H3 and H4 histone proteins, and forms
a ‘nucleosome’ with a diameter of 11nm. The nucleosome
is assumed to be folded into 30nm chromatin fibres (1), although
the existence of such continuous 30nm chromatin fibres in native
chromosomes remains controversial. Furthermore, it remains
unclear how this 30nm fibre is compacted into the chromatid
with a diameter of about 0.7 mm. (B) Schematic representation
of a histone-depleted chromosome. The histones were removed
from the isolated mitotic chromosome gently by competition with
an excess of the polyanions dextran sulfate and heparin. During
this process, the positively charged histones in the chromatins are
exchanged for the highly negatively charged polyanions. After
removing the histones, the DNA remains highly organized by the
‘chromosome scaffold’ (drawn in red), keeping the size and shape of
the original chromosomes (9). (C) ‘Hierarchical helical folding
model’. This model assumes that the 30nm chromatin fibres are
folded into 100nm fibres and then progressively into 200–250nm
fibres that coil to form the final mitotic chromosomes. (D) Major
chromosome scaffold components have axial distributions
at the centere of each chromatid in the compact chromo-
somes. An isolated human chromosome was stained using
antibodies for topoisomerase IIa and the condensin I component
hCAP-H. The antibody labelling shows axial structures with a
diameter of 200nm within the chromosome body stained with
DAPI. Note that the staining for topoisomerase IIa and condensin I
is localized in an alternating manner, forming a ‘barber pole’
structure (26). The images are adapted from (26) with the
permission of Elsevier.
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extensive observations using high-voltage electron micro-
scopes (Fig. 1C) (22). This model postulates that the
30nm chromatin fibres are folded into 100nm fibres and
then progressively into 200–250nm fibres that coil to
form the final mitotic chromosomes (Fig. 1C), i.e. a
hierarchy in the chromosomes based on regular helical
structures. Indeed, electron microscopy observation
showed that chromosomes appeared to be assembled
from chromatin fibres of various diameters (23). More
recently, analysis using engineered chromosomes with
large copy numbers of lac operator repeats revealed
250nm-diameter coiling domains in the chromosome,
supporting this model (24).
Although these two models appear incompatible, both
structures may coexist in chromosomes. Chromosomes
often become X-shaped with helically folded chromatids
after prolonged treatment with a microtubule-depolymer-
izing drug, like nocodazol or colcemid (25, 26). Such
chromosomes show helical coiling of a fibre that is in
turn composed of radial loops (27).
DISCOVERY OF CONDENSIN
In 1994, three groups independently made a landmark
discovery in chromosome study. Hirano and Mitchison
identified a series of chromosome-associated polypeptides
(CAPs) in Xenopus egg extracts (28). Of these, the two
abundant proteins, CAP-C and CAP-E, were shown to
have sequence similarity with a family of proteins in
budding yeast, which was later called the ‘structural
maintenance of chromosomes’ (SMC) family (29). Indeed,
antibody-blocking experiments revealed that CAP-E is
essential for maintaining the structure of condensed
chromosomes (28). Almost simultaneously, Saitoh and
Earnshow showed that a major chromosome scaffold
component, Sc2, is a chicken homologue of an SMC
protein (30). Yanagida’s group also demonstrated that
Cut3 and Cut 14 identified as fission yeast mutants
showing ‘cell untimely torn’ phenotype, are homologues
of the SMCs, and both involved in the chromosome
condensation (31).
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Fig. 2. (A) and (B) Conventional electron microscopy views
of isolated chromosomes, swollen in a low-salt buffer
containing 1mM Mg2+. Uniform 30nm chromatin fibre loops
that diverge radially from the centre are clearly visualized in
cross- (A) and longitudinal- (B) sections of the chromosomes (19).
The chromosomes seem to consist of radial chromatin loops that
are somehow tethered centrally by the scaffolding protein
condensin I, mapped using immuno-gold (shown by arrows).
The images are reproduced from (19) with the permission of
Springer. The bar indicates 200nm. (C) Cryo-EM images of a
frozen-hydrated section of mitotic HeLa cells. The compact
areas, outlined by the dashed line, are cross-sections of mitotic
chromosomes (Xs), which are surrounded by cytoplasm full of
electron-dense ribosomes and other particles. The selected area is
magnified in (D). Note the grainy, homogeneous texture of the
chromosome (Xs). No higher-order or periodic structures are
recognized, such as 30nm chromatin fibres. The scale bar
indicates 500nm in (C) and 100nm in (D).
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Subsequent characterization of the CAPs led Hirano
and his colleagues to the discovery of a protein complex
called condensin, which consists of five different sub-
units, including a heterodimer of CAP-C (SMC4) and
CAP-E (SMC2) (Fig. 3A) (32). When condensin is
depleted from Xenopus extracts using a specific antibody,
mitotic chromosome condensation is defective, and
chromatin forms swollen puffs, not a compact structure.
When purified condensin complex is added back to the
depleted extracts, chromosome condensation recovers,
implying that the complex has a key role in the chro-
mosome condensation process.
It turned out that the condensin family is conserved
from bacteria to mammals [for a review, see (33, 34)],
suggesting a universal role of this family in compacting
the genome. Although it is not known exactly how the
complex functions in the condensation process, interest-
ing clues came from the discovery that condensin can
introduce positive supercoils into closed circular DNA
(Fig. 3B) (35). This activity requires ATP-hydrolysis and
is dependent on the mitosis-specific phosphorylation of
the complex (36, 37).
Further biochemical and cytological analyses of the
chromosome scaffold demonstrated that it is composed
predominantly of condensin complex and topoisomerase
IIa (26). Both components have an axial distribution with
a diameter of 200nm at the centre of each chromatid in
the swollen and compact chromosomes (Fig. 1D) (26, 30,
38, 39), and even in the chromosomes in living cells
(40, 41). Although there is an on-going argument that
the scaffold structure is an artifact resulting from the
non-specific aggregation of non-histone proteins in the
histone-depleted chromosomes (42), these findings sup-
port the physiological relevance of the chromosome
scaffold structure(26, 43).
Recently, in vertebrates, condensin II was isolated as
a second condensin complex that is composed of the
common heterodimer of SMC2 and SMC4 and three non-
SMC subunits related to, but distinct from those in
condensin I (Fig. 3A) (44, 45). Condensins I and II
showed an axial localization in chromosomes in a rather
complementary manner (44). Experiments knocking
down condensin I or II separately or together have
revealed their distinct functions in part (41, 46). The
condensin I is localized in the cytoplasm until the
nuclear envelope breaks down, whereas condensin II is
located in the nuclei during interphase. Consistent with
this observation, the depletion of condensin I did not
affect prophase chromosome condensation (41). In con-
trast, the knockdown of condensin II significantly
delayed the initiation of prophase chromosome condensa-
tion (41).
A PARADOX INVOLVING CONDENSIN AND
TOPOISOMERASE II
There would be no doubt of the universal roles of the
condensin family and topoisomerase II in genome
compaction. However, available genetic or RNAi data
from various organisms, including the fly (47), nematode
(48), and chicken (43) indicate that condensin mutants
mainly have a segregation defect, but do not cause
dramatic abnormalities in chromosome morphology.
Earnshaw and colleagues showed that metaphase chro-
mosomes in condensin-knockout chicken DT40 cells can
still condense normally, as in wild-type cells, although
they had causes frequent chromosomal bridges during
anaphase (49). Surprisingly, this defect recovered with
the expression of either cyclin B3 or dominant negative
Repo-Man, which is unable to recruit the protein
phosphatase PP1g to anaphase chromosomes. Therefore,
they inferred a novel chromosome condensation activity,
regulator of chromosome architecture (RCA), which
enables metaphase chromosome condensation without
condensins (49). As we discussed later, these results
clearly indicate that condensins are required for
the structural integrity of chromosomes, but not for
chromosome condensation. As well as condensins, knock-
down of the topoisomerase IIa in fly or human cells also
resulted in chromosome segregation, but no prominent
condensation defect (50–52), while it was essential for
chromosome condensation in the fission yeast (14) and
Xenopus egg extract system (15, 16). It is again much
less clear whether topoisomerase II is required for
chromosome condensation in such cells. In the higher
eukaryotic organisms, which have more complex sys-
tems, proteins might acquire more specialized function
or functional redundancy to ensure their long-term
survival.
ROLE OF CATIONS IN CHROMOSOME CONDENSATION
Besides protein factors, like condensins or topoisomerase
II, cations are essential participants in chromosome
condensation. As we mentioned above, mitotic chromo-
somes become very swollen following the depletion of
Ca2+ or Mg2+. This process is completely reversible.
Almost 40 years ago, Cole demonstrated that the
repeated removal and addition of Mg2+ resulted in
cycles of chromosome swelling and compaction (53).
Deoxyribonucleic acid (DNA) has a negatively charged
phosphate backbone that produces electrostatic repul-
sion. In the presence of cations, DNA condensation
results from charge neutralization, since the binding of
cations specifically to the DNA phosphates decreases the
overall electrostatic repulsion between adjacent DNA
regions. In the case of chromatin, it was reported that
the negative charges of DNA are 60% neutralized by
core histones that have tails with positively charged
lysine and arginine residues (54). Therefore, the remain-
ing 40% of the DNA charge must be neutralized by
other factors, like histone H1, non-histone proteins, and
cations. In fact, using secondary ion mass spectrometry
(SIMS), Strick et al. (54) reported that the cations Ca2+,
Mg2+, Na+ and K+ are highly enriched in mitotic
chromosomes, as compared to interphase nuclei, sug-
gesting a potentially important role in chromosome
condensation.
Chromatin ‘opening’ and ‘closing’ with DNA charge
neutralization may also be involved in global gene
regulation as a result of histone tail modification, such
as phosphorylation, acetylation, and methylation (1).
Although there are many divalent cations available in
cells, not all the divalent cations seem to function in
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this process. Using scanning x-ray fluorescence micro-
scopy (SXFM), we recently found that Zn2+, which is
a major divalent cation with a larger ion radius, is
virtually excluded from the mitotic chromosomes,
whereas it is enriched in the nucleoplasm in interphase
(Maeshima and Shimura et al., unpublished). Therefore,
there might be strict structural preferences of DNA for
cations, even for the purpose of charge neutralization.
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Fig. 3. (A) Schematic representation of the structure of
condensin. In vertebrates, there are two types of condensin,
condensin I and condensin II. Condensin I consists of five different
subunits, a heterodimer of SMC4 (CAP-C) and SMC2 (CAP-E) and
three non-SMC subunits: CAP-D2 (Eg-7), and CAP-G, and CAP-H
(Kleisin g, Barren). In vertebrates, condensin II has the SMC2 and
SMC4 heterodimer in common and three distinct non-SMC
subunits: CAP-D3, CAP-G2, and CAP-H2 (Kleisin g). (B)
Condensins can introduce positive supercoils into closed
circular DNAvia ATP hydrolysis.However, it is not known how
this condensin activity functions in the condensation process.
(C) A proposed model of the mitotic chromosome structure.
A cross-section of an isolated chromosome swollen in a low-salt
buffer shows radial chromatin loops that are somehow tethered
centrally by condensin (Figs 2A and B). Our model supposes two
events for building a robust chromosomal architecture. First,
condensins bind to certain specific sites in the genome chromatin to
make loops (loop-forming activity). Second, condensins further
cross-link neighbouring chromatin loops (networking activity) and
form anisotropic self-assembly structures in a cooperative manner,
like a scaffold. With the increase in intracellular cations during
mitosis, the loop structures fold irregularly toward the chromosome
scaffold containing abundant condensins. Due to this collapsing-
loop process, compact native chromosomes are made up primarily
of irregular chromatin networks cross-linked by self-assembled
condensins, forming the chromosome scaffold. Note that no
continuous 30nm chromatin fibres are visible in the compact
native chromosomes. In the absence of condensins (49), chromo-
somes are still condensed by RCA, but with loss of their structural
integrity.
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UNIFORM TEXTURE OF CHROMOSOMES:
IRREGULAR FOLDING?
Isolated chromosomes become swollen in a low-salt buffer
containing 1mM Mg2+. When such chromosomes were
observed using conventional electron microscopy after
being embedded in plastic sections, uniform 30nm
chromatin fibre loops that diverged radially from the
centre were clearly visualized (Figs 2A and B) (19). As
shown in Figs 2A and B, chromosomes seem to consist of
radial 30nm chromatin loops that are somehow tethered
by scaffolding proteins such as condensin or topoisom-
erase IIa centrally (19). Although this is a rather
classical view of chromosome organization, it must be
kept in mind that the samples were fixed chemically,
dehydrated and embedded in plastic. What do chromo-
somes look like in living cells?
Using cryo-electron microscopy (cryo-EM), Dubochet
and his colleagues observed frozen hydrated sections of
mammalian mitotic cells that had not been fixed, stained,
or embedded in plastic (55). Surprisingly, the chromo-
somes showed a homogeneous and grainy texture with
11nm spacing [(55), also see Figs 2C and D]. Neither
higher-order nor periodic structures including 30-nm
chromatin fibres were recognized [(55), also see
Fig. 2D]. It is unlikely that 30nm chromatin fibres
existed, but were missed, because microtubules of
comparable mass/unit-length could be seen in the
cytoplasm (56). Dubochet et al. proposed that the basic
structure of the chromosomes is a liquid-like compact
aggregation of 11nm nucleosome fibres and not 30nm
chromatin fibres. We continued with efforts to observe
frozen hydrated mitotic chromosomes using cryo-EM,
and obtained similar results (Figs 2C and D) (Eltsov
et al., unpublished).
Very recently, Kong et al. (57) reported the 3D
structure of Xenopus chromosomes assembled in vitro
using electron microscopy tomography. They used cryo-
substitution, which is based on rapid freezing of a sample
that is then embedded in plastic at low temperature.
In the cryo-substituted chromosomes, they detected orga-
nized 30–40nm domains, but no continuous fibre-like
structure, such as 30-nm fibres. No other regular
ultrastructural organization was observed. Such
30–40nm domains may be aligned nucleosomal clusters
that are spaced regularly and highly interconnected.
They concluded that the in vitro assembled chromosomes
consist of a complex network of closely spaced small
chromatin domains (57).
The absence of a continuous 30nm fibre-like structure
in the assembled chromosomes and in cryo-EM observa-
tions suggests that such fibres are not a prerequisite for
chromosome condensation. This conclusion is supported
by the finding that chromosome assembly in Xenopus
extracts can proceed without the linker histone H1,
which supposedly stabilizes the 30-nm fibres (58). There
are also mouse cell lines with very low amounts of H1
(59). In addition, histone H1 is highly mobile in the
chromosome in live cells (60). These data again support
the absence of ‘static’ continuous 30nm chromatin fibres
in native chromosomes.
As we mentioned and Belmont pointed out (61),
the images of 30nm chromatin fibres within mitotic
chromosomes came from isolated chromosomes partially
swollen in low-salt buffers like 1–2mM Mg2+. In
conventional electron microscopic observations, the for-
mation of 30nm chromatin fibres might be stabilized
through intra-chromatin chemical cross-links (e.g. glu-
taraldehyde fixation) and shrinkage with alcohol dehy-
dration during sample preparation.
FUNCTIONS OF REPETITIVE SEQUENCES
IN THE GENOME
Once the almost entire human genome had been
sequenced, we learnt that it would not be an exaggera-
tion to say that the human genome consists mainly
of repetitive DNA sequences. Among the repetitive
sequences, satellite DNAs are clustered in discrete
areas, such as the centromere, whereas other groups
such as short interspersed nuclear elements (SINEs) and
long interspersed nuclear elements (LINEs) are dis-
persed throughout the genome. Are these really ‘junk’?
Do they have any functions? Although there are many
proposed functions, we would like to consider the
possibility that repetitive sequences could be involved
in genome compaction. Indeed, the genomic regions,
which are abundant with satellite DNAs, are condensed
throughout the cell-cycle (e.g. centromere).
Double-stranded DNA has the property of self-
assembly in aqueous solutions containing physiological
concentrations of divalent cations. Ohyama and his
colleagues found that DNA molecules preferentially
interact with molecules with an identical sequence and
length, even in a solution containing heterogeneous DNA
species (62). Therefore, it is tempting to postulate that
this attractive force due to repetitive sequences functions
in the process of chromosome condensation. In addition,
there is evidence implicating LINEs (L1s) in X-chromo-
some condensation (63). It is well known that one of the
female X-chromosomes is highly condensed as a Barr
body (63). Bailey et al. (64) showed that the level of
LINEs in X-chromosomal DNA was roughly double that
in autosomes. They also found that the level was highest
in a region near the X-inactivation centre and lowest in a
region of the short arm that contains numerous genes
that escape inactivation (64). These data are consistent
with the postulate that the density of LINEs favours the
extent of inactivation or condensation. In addition,
LINEs are concentrated mainly in the dark G-bands in
autosomes, where chromatin is condensed as heterochro-
matin. Although chromosomes cannot be condensed
without the help of protein factors like condensins, it is
highly possible that chromosomes acquired huge repeti-
tive sequences to benefit genome compaction in the
course of evolution.
A MODEL OF CHROMOSOME STRUCTURE
By its nature, chromatin forms aggregates in the
presence of the proper concentrations of divalent or
multivalent cations (65). However, mitotic chromosome
condensation is not just a process of chromatin aggrega-
tion. Chromatin fibres must be organized in a manner
that keeps the epigenetic marks of transcriptionally
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active and inactive genes in the genome, which are
somehow retained during chromosome condensation and
de-condensation (66, 67). For instance, it is known that a
number of gene promoters do not tightly condense in
mitotic chromosomes via the so-called ‘bookmarking’
mechanism during mitosis [for a review, see (68)].
Again, how is the 2m of genomic DNA packaged into
compact mitotic chromosomes while maintaining the
organization of genomic information? When isolated
chromosomes become swollen under low-salt conditions,
they seem to consist of radial chromatin loops that are
somehow tethered centrally by scaffolding proteins (Figs
2A and B). Considering a structural analogy with meiotic
and lampbrush chromosomes, we postulate that chroma-
tin loops are the fundamental organizing unit of
chromosomes (Fig. 3C). Such swollen chromosomes
again become compacted in the presence of increased
levels of divalent cations, as if chromosomes have a
‘memory’ for structural maintenance (53). Using Cole’s
technique, Hudson et al. (43) elegantly demonstrated
that the morphology of isolated chromosomes from
condensin-knockout cells is disrupted after the first
round of swelling and compaction. This interesting
finding implies that condensins are required for main-
taining the structural integrity of chromosomes, and
suggests that condensins promote the cross-linking of
chromatin fibres, thereby forming loops.
With cryo-microscopic observations, chromosomes show
a homogenous, grainy texture, and no higher-order or
periodic structures (Figs 2C and D) (55). As the
intracellular cations increase during mitosis, we postu-
late that the loop structures fold irregularly toward the
chromosome scaffold, which contains abundant conden-
sins (Fig. 3C). This loop collapse process might be
enhanced by the attractive force of repetitive sequences
dispersed throughout the genome. Therefore, the com-
pact native chromosome would be made up primarily of
an irregular chromatin network further cross-linked by
condensins (Fig. 3C). This is consistent with a model
based on micropipette analyses of mitotic chromosomes
in which a uniform chromatin network is folded
isotropically by protein components (69).
To make long rod-shaped (but not spherical) chromo-
somes, the formation of an anisotropic (with polarity)
scaffold structure is essential. Whatever we call this
scaffold, i.e. ‘axis’, ‘core’, or ‘glue’ (39), it is very likely
that condensins play a major role in its formation. An
immuno-electron microscopy study of condensins showed
a traceable condensin array near the centre of the
chromosome cross-sections (19), suggesting the existence
of an anisotropic self-assembly structure of condensins
that captures chromatin fibres. In fact, it has been
reported that condensin can aggregate in the presence
of DNA (70). Our model supposes two events for
building a robust chromosomal architecture (Fig. 3C).
First, condensins bind to certain specific sites in the
genome chromatin to make loops (loop-forming activity).
Epigenetic marks like histone modifications can affect
the specific binding of condensins, which suggests a
mechanism for modulating the loop size and chromosome
compaction. Second, condensins further cross-link neigh-
bouring chromatin loops (networking activity) and form
anisotropic self-assembly structures in a co-operative
manner, like a scaffold (Fig. 3C). Further biochemical
and structural investigations of condensins would pro-
vide an important clue to the self-assembly structure.
Finally, it should be emphasized that, in our model, the
orientations of chromatin fibres in native chromosomes
are isotropic and not radial (Fig. 3C). Accordingly, our
proposed model is compatible with the available data
concerning the scaffold/radial loop model (24).
In conclusion, we have discussed the structural aspects
of mitotic chromosomes and proposed a model. The
chromosome structure and its condensation process are
directly linked to the global regulation of DNA replica-
tion (71) and gene expression in the genome. Now that
we know the almost entire genome sequences of many
organisms, including Homo sapiens, an understanding of
chromosome structure would provide a novel insight into
genome science and would allow us to decipher the
‘hidden codes’ to determine higher-order chromosome
architecture.
We are grateful to Drs Earnshaw, Shimura, Paulson,
Sutani, Kimura and Takemoto for their critical reading of
this manuscript. We also thank Drs Imamoto and Dubochet
for supporting us. We are also grateful to Prof Laemmli for
stimulating and exciting discussions in his laboratory. K.M.
was supported by a MEXT grant-in-aid and the RIKEN
Special Project Funding for Basic Science (Bioarchitect
Project). M.E. was supported by the 3D-EM Network of
Excellence within Research Framework Programme 6 of the
European Commission.
REFERENCES
1. Kornberg, R.D. and Lorch, Y. (1999) Twenty-five years of
the nucleosome, fundamental particle of the eukaryote
chromosome. Cell 98, 285–294
2. Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F., and
Richmond, T.J. (1997) Crystal structure of the nucleosome
core particle at 2.8A resolution. Nature 389, 251–260
3. Robinson, P.J., Fairall, L., Huynh, V.A., and Rhodes, D.
(2006) EM measurements define the dimensions of the
‘‘30-nm’’ chromatin fiber: evidence for a compact, interdigi-
tated structure. Proc. Natl. Acad. Sci. USA 103, 6506–6511
4. Finch, J.T. and Klug, A. (1976) Solenoidal model for
superstructure in chromatin. Proc. Natl. Acad. Sci. USA
73, 1897–1901
5. Bednar, J., Horowitz, R.A., Dubochet, J., and
Woodcock, C.L. (1995) Chromatin conformation and salt-
induced compaction: three-dimensional structural informa-
tion from cryoelectron microscopy. J. Cell Biol. 131,
1365–1376
6. Dorigo, B., Schalch, T., Kulangara, A., Duda, S.,
Schroeder, R.R., and Richmond, T.J. (2004) Nucleosome
arrays reveal the two-start organization of the chromatin
fiber. Science 306, 1571–1573
7. Bradbury, E.M. (1992) Reversible histone modifications and
the chromosome cell cycle. Bioessays 14, 9–16
8. Thoma, F., Koller, T., and Klug, A. (1979) Involvement of
histone H1 in the organization of the nucleosome and of the
salt-dependent superstructures of chromatin. J. Cell Biol.
83, 403–427
9. Paulson, J.R. and Laemmli, U.K. (1977) The structure of
histone-depleted metaphase chromosomes. Cell 12, 817–828
10. Lewis, C.D. and Laemmli, U.K. (1982) Higher order
metaphase chromosome structure: evidence for metallopro-
tein interactions. Cell 29, 171–181
Packaging the Genome 151
Vol. 143, No. 2, 2008
11. Earnshaw, W.C., Halligan, B., Cooke, C.A., Heck, M.M., and
Liu, L.F. (1985) Topoisomerase II is a structural component
of mitotic chromosome scaffolds. J. Cell Biol. 100,
1706–1715
12. Gasser, S.M., Laroche, T., Falquet, J., Boy de la Tour, E.,
and Laemmli, U.K. (1986) Metaphase chromosome struc-
ture. Involvement of topoisomerase II. J. Mol. Biol. 188,
613–629
13. Wang, J.C. (1996) DNA topoisomerases. Annu. Rev.
Biochem. 65, 635–692
14. Uemura, T., Ohkura, H., Adachi, Y., Morino, K.,
Shiozaki, K., and Yanagida, M. (1987) DNA topoisomerase
II is required for condensation and separation of mitotic
chromosomes in S. pombe. Cell 50, 917–925
15. Adachi, Y., Luke, M., and Laemmli, U.K. (1991)
Chromosome assembly in vitro: topoisomerase II is required
for condensation. Cell 64, 137–148
16. Hirano, T. and Mitchison, T.J. (1993) Topoisomerase II does
not play a scaffolding role in the organization of mitotic
chromosomes assembled in Xenopus egg extracts. J. Cell
Biol. 120, 601–612
17. Marsden, M.P. and Laemmli, U.K. (1979) Metaphase
chromosome structure: evidence for a radial loop model.
Cell 17, 849–858
18. Earnshaw, W.C. and Laemmli, U.K. (1983) Architecture of
metaphase chromosomes and chromosome scaffolds. J. Cell
Biol. 96, 84–93
19. Maeshima, K., Eltsov, M., and Laemmli, U.K. (2005)
Chromosome structure: improvedimmunolabeling for elec-
tron microscopy. Chromosoma 114, 365–375
20. Morgan, G.T. (2002) Lampbrush chromosomes and asso-
ciated bodies: new insights into principles of nuclear
structure and function. Chromosome Res. 10, 177–200
21. Kleckner, N. (2006) Chiasma formation: chromatin/axis
interplay and the role(s) of the synaptonemal complex.
Chromosoma 115, 175–194
22. Sedat, J. and Manuelidis, L. (1978) A direct approach to the
structure of eukaryotic chromosomes. Cold Spring Harb.
Symp. Quant. Biol. 42 Pt 1, 331–350
23. Belmont, A.S., Sedat, J.W., and Agard, D.A. (1987) Three-
dimensional approach to mitotic chromosome structure:
evidence for a complex hierarchical organization. J. Cell
Biol. 105, 77–92
24. Strukov, Y.G., Wang, Y., and Belmont, A.S. (2003)
Engineered chromosome regions with altered sequence
composition demonstrate hierarchical large-scale folding
within metaphase chromosomes. J. Cell Biol. 162, 23–35
25. Boy de la Tour, E. and Laemmli, U.K. (1988) The metaphase
scaffold is helically folded: sister chromatids have predomi-
nantly opposite helical handedness. Cell 55, 937–944
26. Maeshima, K. and Laemmli, U.K. (2003) A two-step
scaffolding model for mitotic chromosome assembly. Dev.
Cell 4, 467–480
27. Rattner, J.B. and Lin, C.C. (1985) Radial loops and helical
coils coexist in metaphase chromosomes. Cell 42, 291–296
28. Hirano, T. and Mitchison, T.J. (1994) A heterodimeric
coiled-coil protein required for mitotic chromosome conden-
sation in vitro. Cell 79, 449–458
29. Strunnikov, A.V., Hogan, E., and Koshland, D. (1995)
SMC2, a Saccharomyces cerevisiae gene essential for
chromosome segregation and condensation, defines a sub-
group within the SMC family. Genes Dev. 9, 587–599
30. Saitoh, N., Goldberg, I.G., Wood, E.R., and Earnshaw, W.C.
(1994) ScII: an abundant chromosome scaffold protein is a
member of a family of putative ATPases with an unusual
predicted tertiary structure. J. Cell Biol. 127, 303–318
31. Saka, Y., Sutani, T., Yamashita, Y., Saitoh, S.,
Takeuchi, M., Nakaseko, Y., and Yanagida, M. (1994)
Fission yeast cut3 and cut14, members of a ubiquitous
protein family, are required for chromosome condensation
and segregation in mitosis. EMBO J. 13, 4938–4952
32. Hirano, T., Kobayashi, R., and Hirano, M. (1997)
Condensins, chromosome condensation protein complexes
containing XCAP-C, XCAP-E and a Xenopus homolog of the
Drosophila Barren protein. Cell 89, 511–521
33. Nasmyth, K. and Haering, C.H. (2005) The structure and
function of SMC and kleisin complexes. Annu. Rev.
Biochem. 74, 595–648
34. Hirano, T. (2006) At the heart of the chromosome: SMC
proteins in action. Nat. Rev. Mol. Cell Biol. 7, 311–322
35. Kimura, K. and Hirano, T. (1997) ATP-dependent
positive supercoiling of DNA by 13S condensin: a biochem-
ical implication for chromosome condensation. Cell 90,
625–634
36. Kimura, K., Hirano, M., Kobayashi, R., and Hirano, T.
(1998) Phosphorylation and activation of 13S condensin by
Cdc2 in vitro. Science 282, 487–490
37. Takemoto, A., Kimura, K., Yokoyama, S., and Hanaoka, F.
(2004) Cell cycle-dependent phosphorylation, nuclear locali-
zation, and activation of human condensin. J. Biol. Chem.
279, 4551–4559
38. Coelho, P.A., Queiroz-Machado, J., and Sunkel, C.E. (2003)
Condensin-dependent localisation of topoisomerase II
to an axial chromosomal structure is required for sister
chromatid resolution during mitosis. J. Cell Sci. 116,
4763–4776
39. Kireeva, N., Lakonishok, M., Kireev, I., Hirano, T., and
Belmont, A.S. (2004) Visualization of early chromosome
condensation: a hierarchical folding, axial glue model of
chromosome structure. J. Cell Biol. 166, 775–785
40. Tavormina, P.A., Come, M.G., Hudson, J.R., Mo, Y.Y.,
Beck, W.T., and Gorbsky, G.J. (2002) Rapid exchange of
mammalian topoisomerase II alpha at kinetochores and
chromosome arms in mitosis. J. Cell Biol. 158, 23–29
41. Hirota, T., Gerlich, D., Koch, B., Ellenberg, J., and
Peters, J.M. (2004) Distinct functions of condensin I and II
in mitotic chromosome assembly. J. Cell Sci. 117,
6435–6445
42. Okada, T.A. and Comings, D.E. (1980) A search for protein
cores in chromosomes: is the scaffold an artifact? Am. J.
Hum. Genet. 32, 814–832
43. Hudson, D.F., Vagnarelli, P., Gassmann, R., and
Earnshaw, W.C. (2003) Condensin is required for nonhis-
tone protein assembly and structural integrity of vertebrate
mitotic chromosomes. Dev. Cell 5, 323–336
44. Ono, T., Losada, A., Hirano, M., Myers, M.P.,
Neuwald, A.F., and Hirano, T. (2003) Differential contribu-
tions of condensin I and condensin II to mitotic chromosome
architecture in vertebrate cells. Cell 115, 109–121
45. Yeong, F.M., Hombauer, H., Wendt, K.S., Hirota, T.,
Mudrak, I., Mechtler, K., Loregger, T., Marchler-Bauer, A.,
Tanaka, K., Peters, J.M., and Ogris, E. (2003) Identification
of a subunit of a novel Kleisin-beta/SMC complex as a
potential substrate of protein phosphatase 2A. Curr. Biol.
13, 2058–2064
46. Ono, T., Fang, Y., Spector, D.L., and Hirano, T. (2004)
Spatial and temporal regulation of Condensins I and II in
mitotic chromosome assembly in human cells. Mol. Biol. Cell
15, 3296–3308
47. Steffensen, S., Coelho, P.A., Cobbe, N., Vass, S., Costa, M.,
Hassan, B., Prokopenko, S.N., Bellen, H., Heck, M.M., and
Sunkel, C.E. (2001) A role for Drosophila SMC4 in the
resolution of sister chromatids in mitosis. Curr. Biol. 11,
295–307
48. Hagstrom, K.A., Holmes, V.F., Cozzarelli, N.R., and
Meyer, B.J. (2002) C. elegans condensin promotes mitotic
chromosome architecture, centromere organization, and
sister chromatid segregation during mitosis and meiosis.
Genes Dev. 16, 729–742
49. Vagnarelli, P., Hudson, D.F., Ribeiro, S.A., Trinkle-
Mulcahy, L., Spence, J.M., Lai, F., Farr, C.J.,
Lamond, A.I., and Earnshaw, W.C. (2006) Condensin and
152 K. Maeshima and M. Eltsov
J. Biochem.
Repo-Man-PP1 co-operate in the regulation of chromosome
architecture during mitosis. Nat. Cell Biol. 8, 1133–1142
50. Chang, C.J., Goulding, S., Earnshaw, W.C., and
Carmena, M. (2003) RNAi analysis reveals an unexpected
role for topoisomerase II in chromosome arm congression to
a metaphase plate. J. Cell Sci. 116, 4715–4726
51. Sakaguchi, A. and Kikuchi, A. (2004) Functional compat-
ibility between isoform alpha and beta of type II DNA
topoisomerase. J. Cell Sci. 117, 1047–1054
52. Carpenter, A.J. and Porter, A.C. (2004) Construction,
characterization, and complementation of a conditional-
lethal DNA topoisomerase IIalpha mutant human cell line.
Mol. Biol. Cell 15, 5700–5711
53. Cole, A. (1967) Chromosome structure. Theoretical
Biophysics 1, 305–375
54. Strick, R., Strissel, P.L., Gavrilov, K., and Levi-Setti, R.
(2001) Cation-chromatin binding as shown by ion micro-
scopy is essential for the structural integrity of chromo-
somes. J. Cell Biol. 155, 899–910
55. McDowall, A.W., Smith, J.M., and Dubochet, J. (1986) Cryo-
electron microscopy of vitrified chromosomes in situ. EMBO
J. 5, 1395–1402
56. Bouchet-Marquis, C., Zuber, B., Glynn, A.M., Eltsov, M.,
Grabenbauer, M., Goldie, K.N., Thomas, D., Frangakis, A.S.,
Dubochet, J., and Chretien, D. (2007) Visualization of cell
microtubules in their native state. Biol. Cell 99, 45–53
57. Konig, P., Braunfeld, M.B., Sedat, J.W., and Agard, D.A.
(2007) The three-dimensional structure of in vitro recon-
stituted Xenopus laevis chromosomes by EM tomography.
Chromosoma 116, 349–372
58. Ohsumi, K., Katagiri, C., and Kishimoto, T. (1993)
Chromosome condensation in Xenopus mitotic extracts
without histone H1. Science 262, 2033–2035
59. Fan, Y., Nikitina, T., Zhao, J., Fleury, T.J., Bhattacharyya, R.,
Bouhassira, E.E., Stein, A., Woodcock, C.L., and
Skoultchi, A.I. (2005) Histone H1 depletion in mammals
alters global chromatin structure but causes specific changes
in gene regulation. Cell 123, 1199–1212
60. Chen, D., Dundr, M., Wang, C., Leung, A., Lamond, A.,
Misteli, T., and Huang, S. (2005) Condensed mitotic
chromatin is accessible to transcription factors and chroma-
tin structural proteins. J. Cell Biol. 168, 41–54
61. Belmont, A.S. (2006) Mitotic chromosome structure and
condensation. Curr. Opin. Cell Biol. 18, 632–638
62. Inoue, S., Sugiyama, S., Travers, A.A., and Ohyama, T.
(2007) Self-assembly of double-stranded DNA molecules at
nanomolar concentrations. Biochemistry 46, 164–171
63. Lyon, M.F. (2003) The Lyon and the LINE hypothesis.
Semin. Cell Dev. Biol. 14, 313–318
64. Bailey, J.A., Carrel, L., Chakravarti, A., and Eichler, E.E.
(2000) Molecular evidence for a relationship between LINE-1
elements and X chromosome inactivation: the Lyon repeat
hypothesis. Proc. Natl. Acad. Sci. USA 97, 6634–6639
65. de Frutos, M., Raspaud, E., Leforestier, A., and Livolant, F.
(2001) Aggregation of nucleosomes by divalent cations.
Biophys. J. 81, 1127–1132
66. Valls, E., Sanchez-Molina, S., and Martinez-Balbas, M.A.
(2005) Role of histonemodifications inmarking and activating
genes through mitosis. J. Biol. Chem. 280, 42592–42600
67. Kouskouti, A. and Talianidis, I. (2005) Histone modifications
defining active genes persist after transcriptional and
mitotic inactivation. EMBO J. 24, 347–357
68. Sarge, K.D. and Park-Sarge, O.K. (2005) Gene book-
marking: keeping the pages open. Trends Biochem. Sci.
30, 605–610
69. Poirier, M.G. and Marko, J.F. (2003) Micromechanical
studies of mitotic chromosomes. Curr. Top. Dev. Biol. 55,
75–141
70. Yoshimura, S.H., Hizume, K., Murakami, A., Sutani, T.,
Takeyasu, K., and Yanagida, M. (2002) Condensin architec-
ture and interaction with DNA: regulatory non-SMC
subunits bind to the head of SMC heterodimer. Curr. Biol.
12, 508–513
71. Lemaitre, J.M., Danis, E., Pasero, P., Vassetzky, Y., and
Mechali, M. (2005) Mitotic remodeling of the replicon and
chromosome structure. Cell 123, 787–801
Packaging the Genome 153
Vol. 143, No. 2, 2008
